infection was subsequently found in riverine ayu in 20 or more prefectures of the Honshu, Shikoku and Kyushu regions by 2013 (Japan Fisheries Resource Conservation Association, personal communication).
The acquisition of epidemiological information is essential in contributing towards an understanding of diseases in wild fish populations and subsequent establishment of control procedures, as is in the case of cultured fish. However, information pertaining to the occurrence mechanism of F. psychrophilum and E. ictaluri infections of fish in natural habitats remains limited. In the present study, we performed an epidemiological survey of both pathogens among riverine ayu and other fish species in the Tama River basin in the Tokyo metropolis region of Japan between 2011 and 2012, and highlight certain environmental factors, particularly water temperature, related to disease occurrence.
Materials and Methods

Field survey
We performed the survey at four sites (Fig. 1: Stn. A, Stn. B, Stn. C, upperreaches; and Stn. D, tributary) from May 2011 to November 2012, except for April 2012, in the Tama River basin, which have records with the occurrence of both BCWD (Tokyo Metropolitan Fisheries Experiment Station, 2002) and E. ictaluri infection (Tokyo Metropolitan Islands Area Research and Development Center of Agriculture, Forestry and Fisheries, 2009) . Since the occurrence of BCWD has been found annually at Stn. D during June (fishery association, personal communication), we performed surveys two or three times at the site in June of both years.
Ayu and other wild fish were captured once a month using casting nets or handling nets at three sites (Stns. A, B and C). The sampling at Stn. D was performed by handling nets or angling (Tomo-zuri). We also examined a total of 17 lots of seed-production or amphidromous ayu (approximately 30 fish per each lot) prior to release into the Tama River and its tributary during April to June between 2011 and 2012 ( Table 1 ). All captured fish were transported (on ice) to the laboratory at Nihon University, and fish species were identified in accordance with an identification guide (Nakabo, 2000 (Nakabo, , 2013 . Additionally, the captured riverine ayu was divided to wild fish (with over 16 scales above the lateral line and smooth otolith) and seed-production fish (with either below 15 scales or rough otolith) by comparing with the morphology of released fish on the basis of previous reports (Toida, 2001; Sawada et al., 2006) .
The water temperature of each site was obtained from the web site of the Ministry of Land, Infrastructure, and Transport, Japan (water information system, http:// www1.river.go.jp/). Water temperature data at Stn. D were recorded daily by a temperature logger (Thermochron G Type; KN Laboratories) every 6 h.
Bacterial examination
After measuring standard length and body weight, an identified fish was dissected aseptically, and an excised trunk kidney was used for PCR and bacterial isolation for the detection of F. psychrophilum and E. ictaluri as described below. For estimation of prevalence, clinical signs related to BCWD and E. ictaluri infection of dissected fish were also recorded by external and internal observation during the process of bacterial examination. F. psychrophilum: For PCR detection of F. psychrophilum, a portion of kidney tissue was homogenized in 200 μL STE buffer (100 mM NaCl, 10 mM TrisHCl, 1 mM EDTA, pH8.0). DNA extraction from the kidney homogenate was performed according to the guidelines proposed by the Council on Disease of Ayu Control (CDAC guidelines; Ministry of Agriculture, Forestry, and Fisheries in Japan, 2011). Specific PCR detection using the extracted DNA was performed with a modification of the method described by Yoshiura et al. (2006) . Briefly, the PCR primer pair fpPPIC1F, 5′-GTACCATGATACAGTCAGGTTTTTATACCA-3′, and fpPPIC1R, 5′-GCGTTTTTAAATCCAACTCTTGCTTCG-3′, was used, and PCR amplification was performed in a total reaction volume of 10 μL. The reaction mixture contained 1 μL of template DNA, 2×MightyAmp buffer (TaKaRa), 10 nmol of each primer, and 0.25 U of MightyAmp ® DNA Polymerase Ver. 2 (TaKaRa). Cycle conditions involved initial denaturation at 98°C for 10 min; 35 cycles of amplification at 98°C for 10 s, 60°C for 15 s, and 68°C for 1 min. Following amplification, the PCR products were subjected to gel electrophoresis with a 2% agarose gel to confirm the positive presence of F. psychrophilum. Several PCR products obtained by PCR detection in ayu were sequenced by direct sequencing with an ABI model 3100 automatic DNA sequencer (ABI). Isolation of F. psychrophilum was performed by culturing on either modified Cytophaga agar (Wakabayashi and Egusa, 1974) or TYFBS agar (Nakatsugawa et al., 2006) , and these plates were incubated for 5 days at 18°C following isolation streaking. F. psychrophilumlike colonies were identified by specific PCR, and the genotype was confirmed by PCR-RFLP analysis using restriction endonuclease Hinf I (TaKaRa) according to the method described by Yoshiura et al. (2006) .
E. ictaluri:
For a selective enrichment culture of E. ictaluri, excised trunk kidney tissue was inoculated with 1 mL of Salmonella-Shigella broth (SSB) which was prepared by removal of agar from Salmonella-Shigella agar (SSA; Nissui), and then incubated for 24 h at 25°C. Specific PCR detection using DNA extracted from the SSB culture was performed according to CDAC guidelines. The DNA sequencng of several specific PCR products was performed as described above. 
Experimental infection with E. ictaluri isolates
To evaluate the pathogenicity of E. ictaluri isolates obtained in this study, experimental infections were performed using a total of 8 isolates, from ayu and pale chub Opsariichthys platypus captured in the field survey ( Table 2 ). All isolates were pre-cultured on TSA at 25°C for 48 h and then cultured in 300 mL of TSB with shaking at 25°C for 12 h. Seed-production ayu (average body weight: 3.0 g) were obtained from the Freshwater Experimental Station, Kanagawa Prefectural Fisheries Technology Center as experimental fish, and maintained in 500 L aquaria with flow-through water (20±0.8°C). Fish were fed daily with a commercial dry pellet (Ayu Alpha Mega 2C, Nippon Formula Feed Manufacturing Co., Ltd.) corresponding to 1% of fish body weight until the experiments. Experimental infections were performed by bath exposure in a 10-fold diluted bacterial suspension of each isolate at 20°C for 30 min at a bacterial concentration of 1.0-6.5×10
7 CFU/mL. Control fish were exposed to 10-fold diluted TSB. The fish (each n = 10) were then reared at 20°C in 50 L glass aquaria with filtration and aeration equipment, and monitored for 10 days with no feeding. Identification of isolates from the kidney of dead and moribund fish using TSA was performed by specific PCR as described above.
Results
Captured riverine fish
A total of 2,479 fish comprising 37 species were captured at the four survey sites in the Tama River basin between 2011 and 2012, and then used for the detection of F. psychrophilum and E. ictaluri (Table 3) .
Detection of F. psychrophilum and E. ictaluri in riverine ayu
The detection rate and prevalence of F. psychrophilum and E. ictaluri among riverine ayu captured at each survey site are shown in Table 4 . The several specific PCR products of either F. psychrophilum or E. ictaluri positive samples were sequenced, and all samples had 100% homology with F. psychrophilum (Accession no. AB254195) or E. ictaluri (Accession no. AB469961). Throughout this survey, we also recorded the occurrence of BCWD and E. ictaluri infection, and evaluated the occurrence scale using information provided by each fishery association managing Stns. C or D.
The detection rate and prevalence of F. psychrophilum at Stn. A was 0.0-38.9% and 0.0-16.7%, respectively, and the highest values for both were recorded in November 2012. The detection rate of F. psychrophilum was less than 15.0% at Stn. B, and fish showing typical clinical signs of BCWD were not observed during the survey period. At Stns. C and D, the detection rate was low in May (less than 5%), and the rate markedly increased in late June in 2011 (above 70%). The occurrences with mortality were also found in late June at these survey sites, and captured moribund or dead fish showed typical clinical signs comprising ulcerative lesions on the body surface and lower jaw (Figs. 2 A and B) . In 2012, small-scale BCWD occurrence was observed again at Stn. D in mid-June, although a survey at Stn. C was not performed at the same period due to flooding. PCR-RFLP analysis revealed that all F. psychrophilum isolates from captured ayu were identified as genotype A.
At Stn. A, E. ictaluri was detected from captured ayu on after July in both years, and the highest detection rate was 22.2% in November 2012. The highest rate of 30.0% at Stn. B was recorded in November 2011. The prevalence was less than 6% at both survey sites. At Stn. C, E. ictaluri was not detected, except in May 2011. On the other hand, the detection rate at Stn. D differed between 2011 and 2012, and the highest value for each year was 18.2% in November 2011 and 86.5% in August 2012. In late August 2012, mass mortality of riverine ayu showing typical clinical signs of E. ictaluri infection (Fig. 2C-F ) was found at Stn. D, and the prevalence of infected fish caught by angling was approximately 50%.
F. psychrophilum and E. ictaluri were co-detected in ayu captured from Stn. A in October and November 2012 (Table 4) , and the co-detection rates were 3.8% and 11.1%, respectively. Some of fish co-infected with both pathogens showed typical clinical signs of both BCWD and E. ictaluri infection, such as ulcerative lesions on the lower jaw and ascites (Fig. 2B, 2F ). 
Fig. 2. Riverine ayu showing typical clinical signs of BCWD (A and B) and E. ictaluri infection (C-F). Ulcerative lesions of the body surface (A, arrow) and lower jaw (B), exophthalmos (C), hemorrhagic ulcers on the body surface (D, arrow heads), reddening of the anus (E), and ascites (F).
Detection of F. psychrophilum and E. ictaluri in released ayu
Bacterial examination of ayu prior to release resulted in F. psychrophilum being detected in two lots released at Stn. C in 2012, with a detection rate of 3.3% and 7.7%. All F. psychrophilum-positive PCR products were identified as genotype A by PCR-RFLP. In contrast, E. ictaluri was not detected in any of the examined lots (Table 1) .
Detection of F. psychrophilum and E. ictaluri among wild fish species
Results related to bacterial examination for wild fish species other than ayu captured at each survey site are shown in Fig. 3 . F. psychrophilum was detected only by PCR of kidney tissue from 14 fish species from all survey sites throughout the survey period except in August and September, and DNA fragments showing genotype A were not detected by PCR-RFLP analysis using PCR products as described above. On the other hand, E. ictaluri was detected from a total of 6 species at Stns. A, B and D, and was mainly detected in August. During the absence period for ayu (February and March), the bacterium was detected in pale chub and the pacific redfin Tribolodon brandtii maruta.
Water temperature at survey sites
Seasonal changes in water temperature at each survey site are shown in Fig. 4 . The highest water temperature in 2012 was higher than that in 2011 at all survey sites. In both years, the highest value was recorded at Stn. A, followed in descending order at Stns. B, D, and C.
At Stn. D, where BCWD and E. ictaluri infection were found, changes in the daily water temperature 
Experimental infection with E. ictaluri isolates
The cumulative mortality of ayu following experimental infection with E. ictaluri isolates is shown in Table  2 . All isolates from riverine ayu and pale chub showed pathogenicity against ayu, and moribund or dead fish had typical clinical signs similar to those of diseased fish with E. ictaluri captured at Stn. D, except for reddening of the body. The bacterium was re-isolated from all dead fish except for a dead fish in the control group.
Discussion
The Tama River is an urban river flowing throughout densely populated areas of the Tokyo Metropolis. In the 1960s, since the water quality of the watershed was greatly damaged by inflow of domestic and industrial wastewater, wild fish resources including ayu decreased markedly. Thereafter, the water quality improved by infrastructure development, and the Tama River has since become one of the most famous rivers where a large number of wild ayu migrate upstream in recent years. Sixty-five fish species were observed in the river by 2010 (Kato, 2011) , and the abundant stock of wild fish is utilized by many people for fishery purposes, recreational fishing and education (Aoki, 2011) . In the present study, we regarded the Tama River as a representative urban river in Japan, and performed the epidemiological survey among ayu and other wild fish inhabiting the river.
The optimum temperature for growth of F. psychrophilum is around 15-20°C (Holt et al., 1993; Uddin and Wakabayashi, 1997) , and BCWD occurrence is observed frequently from May to July, when the water temperature is between 15 and 19°C (Ministry of Agriculture, Forestry, and Fisheries in Japan, 2011) . In our study, BCWD occurrence was found at Stn. C in late June 2011 and Stn. D in late-June 2011 and mid-June 2012 (Table 4) , and the daily average water temperature at Stn. D during the occurrence period was within the temperature range of 15-20°C (Fig. 5) . Here we need pay attention to a substantial time lag between the increase of the ambient water temperature and the occurrence of BCWD at Stn. D. The average water temperature at the site had already reached 15°C in late-May, about 2-3 weeks before the BCWD occurrence in mid-or late-June, and the water temperature of above 15°C was constantly recorded during late-April and May in 2012 (a total of 16 days). This time lag suggests that the BCWD occurrence in riverine ayu is caused by multiple predisposing factors, not only by a single factor of the ambient water temperature.
It has been reported that immunocompetence in ayu is affected by stressors such as shallow water and temperature change (Valle and Taniguchi, 1995) , suspended sediment (Awata et al., 2011) , and overcrowding (Iguchi et al., 2002 (Iguchi et al., , 2003 . On the other hand, Nagai et al. (2004) have reported that domesticated ayu stock are more susceptible to F. psychrophilum than amphidromous or landlocked stock. In the present survey, most of the riverine ayu captured at Stns. C and D were presumed as seed-production fish, while many riverine ayu at Stns. A and B were wild fish (Table 3) . Since upstream migration of wild ayu is impeded due to several weirs in Tama River basin (Yasuda, 2011; Maeda and Fujiwara, 2011) , it is considered that most of riverine ayu inhabiting the upper region (Stns. C and D) originated from released seed-production ayu. Although little is known about the difference in susceptibility to F. psychrophilum between wild and seed-production ayu, we infer that BCWD occurrence at Stns. C and D is not only related to environmental factors such as water temperature, but also to multiple host factors.
Some researchers have argued that wild fish species infected with F. psychrophilum may be possible sources of the pathogen for subsequent ayu infection Izumi et al., 2007; Fujii et al., 2009; Kumagai et al., 2011) . In the present survey, we detected F. psychrophilum in 15 fish species (Table 1, 4 and Fig. 3 ), but F. psychrophilum with genotype A was only found in ayu (including fish released at Stn. C) by PCR-RFLP, and not in other species. Since the genotype A isolate is considered to be associated with specific pathogenicity against ayu in most cases (Izumi et al., 2003; Yoshiura et al., 2006) , the other fish species are unlikely to be the source of F. psychrophilum infection of riverine ayu in the present survey sites. On the other hand, past studies suggest that the release of asymptomatic carrier ayu with F. psychrophilum resulted in BCWD (Inouye, 2000; Arai et al., 2007; Kumagai et al., 2010) . In the present survey, we did not detect F. psychrophilum in seed-production ayu released at St. D, but we found positive fish for the bacterium from ayu released at Stn. C, and those positive fish at Stn. C were supplied from the same farm as the fish released at Stn, D (Table 1 ). The occurrence of BCWD found during this survey might have resulted from the release of potentially infected ayu.
It is known that E. ictaluri infection occurs during summer (Ministry of Agriculture, Forestry, and Fisheries in Japan, 2011), and the occurrence of E. ictaluri infection at Stn. D was found in August 2012 only in our survey. At the site, the monthly average water temperature in August 2012 was approximately 6°C higher than that of 2011, and we recorded a mean water temperature of 25°C in late August 2012, when mass mortality of ayu with E. ictaluri infection had occurred. Past experimental studies have reported that the optimum growth temperature of E. ictaluri isolates from ayu is 25-30°C , and that the pathogenicity of E. ictaluri against ayu is higher at 28°C than that at 20°C (Nagai and Nakai, 2014) . These suggested that an increase in river water temperature is one predisposing factor affecting the occurrence of E. ictaluri infection among riverine ayu. Additionally, the total number of hot days (air temperature greater than 30°C) at Stn. D in August 2012 was greater by 11 days than that in 2011, and the total amount of rainfall in August differed markedly between 2011 (278 mm) and 2012 (14 mm) (database of the Japan Meteorological Agency http://www. data.jma.go.jp/obd/Stats/etrn/index.php). Thus, it is likely that the summer heat wave increased the river water temperature in August 2012, and induced the occurrence of E. ictaluri infections.
The August water temperature at Stn. D was lower than that at Stns. A and B, where no occurrence of infection was found in both years (Fig. 4) . We isolated E. ictaluri from asymptomatic ayu captured at Stns. A and B between July and August (Table 4) , and isolates showed high pathogenicity against ayu in experimental infections (Table 2 ). These results suggest that the cause of E. ictaluri infection in riverine ayu is dependent on a variety of factors, not only on the occurrence of high river water temperatures and pathogen-carrying fish. In fact, the river environment differed between each survey site selected in the present study. Government; http://www.kankyo.metro.tokyo.jp/). Our results and the details described above indicate that river environmental factors that might affect the occurrence of E. ictaluri infection should be investigated in addition to the impact of high water temperatures. E. ictaluri has been isolated from many fish species (Tensha and Hatama, 2009; Evance et al., 2011; Plumb and Hanson, 2011) , and the isolates from ayu showed pathogenicity against several native fish species in Japan (Hassan et al., 2012) . In our survey, E. ictaluri was detected in 6 wild fish species other than ayu (Fig.  3) , and E. ictaluri isolates from pale chub displayed pathogenicity against ayu (Table 2) . Furthermore, in a supplementary experiment (data not shown), we found that all isolates obtained in this study showed the same characteristics following three classification analyses comprising the API 20E test (profile no. 4004000), DNA sequences of 16S rRNA partial genes (Accession no. LC159200), and agglutination activity using rabbit anti-E. ictaluri serum (the Japanese Fisheries Resource Conservation Association). These results suggest that all fish carrying the pathogen have the potential to cause E. ictaluri infection in many wild fish species. Additionally, E. ictaluri was detected in 2 wild fish species, pale chub and pacific redfin, captured at three survey sites during winter when ayu was absent from the river basin (Fig. 3) . Hassan et al. (2012) have reported that E. ictaluri is ubiquitous in the river environment, and that the infection cycle might be completed between environmental E. ictaluri and susceptible hosts in the riverine settings. Thus, many wild fish species inhabiting the Tama River basin might play an important role in the infection dynamics of E. ictaluri.
